Although the biological roles of many members of the sirtuin family of lysine deacetylases have been well characterized, a broader understanding of their role in biology is limited by the challenges in identifying new substrates. We present here an in vitro method that combines biotinylation and mass spectrometry (MS) to identify substrates deacetylated by sirtuins. The method permits labeling of deacetylated residues with amine-reactive biotin on the ϵ-nitrogen of lysine. The biotin can be utilized to purify the substrate and identify the deacetylated lysine by MS. The biotinyl-lysine method was used to compare deacetylation of chemically acetylated histones by the yeast sirtuins, Sir2 and Hst2. Intriguingly, Sir2 preferentially deacetylates histone H3 lysine 79 as compared to Hst2. Although acetylation of K79 was not previously reported in Saccharomyces cerevisiae, we demonstrate that a minor population of this residue is indeed acetylated in vivo and show that Sir2, and not Hst2, regulates the acetylation state of H3 lysine 79. The in vitro biotinyl-lysine method combined with chemical acetylation made it possible to identify this previously unknown, low-abundance histone acetyl modification in vivo. This method has further potential to identify novel sirtuin deacetylation substrates in whole cell extracts, enabling large-scale screens for new deacetylase substrates.
S ir2-like enzymes, known as sirtuins, are a family of conserved NAD þ -dependent lysine deacetylases (1-3) that comprise one of four classes of lysine deacetylases (KDACs, also known as histone deacetylases, or HDACs) (4) . Sirtuins regulate many different biological processes, in part by targeting specific substrates for deacetylation. Humans have seven sirtuins, SirT1-7 (5, 6) , which differ in their subcellular localization and play distinct roles (reviewed in ref. 7) in processes including DNA repair (8) (9) (10) , fat mobilization (11) , and apoptosis (12, 13) . The founding member of the sirtuin family, Sir2, was discovered in Saccharomyces cerevisiae as an enzyme involved in transcriptional silencing at the heterochromatic mating-type loci (14) , telomeres (15) , and rDNA repeats (16, 17) . This silencing is accomplished through deacetylation of acetyl-lysines on histones, giving rise to transcriptional repression (18) (19) (20) . Sir2 specifically deacetylates histone H3 K4, H3 K56, and H4 K16 in vivo (1, 21) . Both H3 K4 and H4 K16 are located on the flexible N-terminal tail of the histone, and H3 K56 is located in the core of histone H3 at the entry-exit points of DNA on the nucleosome.
S. cerevisiae possesses four Sir2 homologues (Hst1-4), all of which also deacetylate histones and overlap with Sir2 in specificity for particular histone residues. Hst1-4 regulate sporulation, control of genome integrity, and other processes (2, (22) (23) (24) (25) (26) (27) via their histone deacetylation activity. Although Hst1-4 and Sir2 all target histone substrates, they appear to have distinct preferences for particular acetylated lysines within each histone, which changes based on genomic context or phase in the cell cycle. While Sir2 is responsible for deacetylating H3 K4 in heterochromatin, Hst1 is the main deacetylase for this residue in euchromatin (21) . Hst3 and Hst4 are responsible for regulating the global level of acetylation on histone H3 K56, while Sir2 deacetylates this residue at the telomeric and HM loci (26, 28) . In addition, Sir2 deacetylates H4 K16 at telomeric heterochromatin to maintain the boundary with euchromatin (29, 30) . Unlike the other four yeast sirtuins that localize to the nucleus, Hst2 is largely cytoplasmic, but translocates into the nucleus to deacetylate histone H4 K16 during mitosis (31, 32) . To date, no non-histone substrates have been identified for Hst1-4, although Sir2 has been shown to specifically deacetylate at least one non-histone protein, Pck1, in vivo (33) . In contrast with the yeast sirtuins, a number of non-histone substrates have been identified for sirtuins from other organisms, most notably for the human sirtuin SirT1 (reviewed in ref. 34) .
As acetylation appears to be as frequent as phosphorylation (35, 36) , it is likely that sirtuins have many more substrates than those currently known. A challenge in the study of sirtuins, as well as of other lysine deacetylases, is in identifying their substrates. To date, a number of sirtuin substrates have been identified by genetic or biochemical approaches. For example, the interaction between mammalian SirT1 and p53 was first identified by coimmunoprecipitation, which led to further experiments to confirm acetylated p53 as a substrate of SirT1 (12, 13) . While these approaches have been successful, they rely on sufficiently tight binding between enzyme and substrate, and many enzymes interact weakly and transiently with their substrate. Recently, a peptide array-based high-throughput method was used to successfully identify mitochondrial SirT3 substrates (37) . This methodology relied upon the synthesis of peptides containing an acetyl-lysine analog that increases the affinity of sirtuins for the substrate. Because of the very large number of peptides that would be required to cover all mitochondrial proteins, the study was limited to previously identified sites of acetylation.
We set out to develop a method for identifying sirtuin substrates that relied upon direct identification of deacetylation sites and could be adapted to high-throughput studies. The major obstacle in developing this type of method is that it is difficult to identify substrates of enzymes that remove modifications from their substrates. In addition, acetylated substrates expressed in low abundance or present in a small percentage of the population are likely to be overlooked, as are transient sites of acetylation, due to the dynamic nature of this modification.
We present here a method to study sirtuin deacetylation substrates in vitro that makes it possible to identify deacetylation substrates while simultaneously mapping specific deacetylation sites. The method involves chemical acetylation of protein substrates, which provides all surface-exposed lysines as potential substrates and also serves to block all nonsubstrate lysine residues in a subsequent chemical modification step. Following incubation with a sirtuin in vitro, the deacetylated lysines are tagged with a modified biotin that specifically reacts with the unmodified lysines. The biotinylated lysines can be detected by streptavidin blotting or mass spectrometry (MS) and can be used to isolate substrates from complex mixtures. A second round of MS is then used to identify the substrate and map the biotinyl-lysine residues. The method can be used on specific substrates or complex mixtures.
We present an application of the biotinyl-lysine method to compare the relative in vitro specificity of two yeast sirtuins, Sir2 and Hst2, for acetylated histones. We find that Sir2 preferentially deacetylates K79 of histone H3, a residue methylated in a large proportion of histones in yeast (38) , but not previously known to be acetylated. A previous study comparing the modification status of histone H3 K79 between four organisms found evidence of a small fraction of acetylated K79 in a human cell line but not yeast (39) . We found that H3 K79 is indeed acetylated in vivo in yeast in low abundance, which explains why this modification was not previously observed. We also provide evidence that Sir2, and not Hst2, deacetylates this residue in yeast, consistent with the silencing defects that have been observed for H3 K79 substitutions and Sir2 deletions (38, (40) (41) (42) . Our finding validates the use of the biotinyl-lysine method and highlights its utility in the discovery of low-abundance acetyl modifications.
Results
The Biotinyl-Lysine Method. We sought to develop a chemical method that could be used to directly identify substrates that have been deacetylated. Lysine deacetylases remove the acetyl group from the ϵ-nitrogen of lysine, leaving the free side-chain primary amine. Lysine side chains and unmodified amino termini, which also have primary amines, react readily with an N-hydroxysuccinimide (NHS) ester of biotin, resulting in a covalently attached biotin. This compound can therefore be used to label unmodified lysines, which makes it possible to chemically tag lysines that have been deacetylated and thereby identify deacetylase substrates. There are, however, two challenges in using this approach to study deacetylation of naturally acetylated proteins. First, proteins typically contain multiple lysine residues that are never modified in vivo, and which therefore would be biotinylated along with any deacetylated lysine. This would lead to poor signalto-noise, due to difficulties in detecting small changes in overall biotinylation. The second challenge is that a given acetylation site is likely acetylated in only a subset of the proteins in the cell, making it especially difficult to detect low-abundance acetylation sites. To overcome these challenges, we chemically acetylated all free amines prior to incubating the substrate proteins with the deacetylase enzyme (Fig. 1, step I) . In addition to ensuring that all possible exposed lysine residues are acetylated, this also prevents biotinylation of nonsubstrate lysines.
An overview of the method is shown in Fig. 1 . Purified proteins or protein extracts are first treated with acetic anhydride as described in Methods (Fig. 1, step I ). This results in the acetylation of virtually all lysines and N termini of proteins in the reaction. Acetylated proteins are then incubated with a sirtuin (or other deacetylase), resulting in the selective removal of acetyl modifications and the regeneration of unmodified lysine side chains (Fig. 1, step II ). The unmodified lysines are then modified with biotin linked to an amine-reactive NHS moiety (Fig. 1, step III) . Biotinylated proteins can then be detected by blotting or by MS.
Detection of Biotinylated Histones by Blotting. We first conducted a series of experiments with Hst2 to confirm that the steps outlined in Fig. 1 could be carried out with adequate efficiency. Using purified histones, we determined if (i) NHS-biotin would react with the substrates, (ii) chemical acetylation could completely block biotinylation of all free amines in the sample, and (iii) incubation of the substrate protein with a deacetylase would expose free lysines that could then be biotinylated. Histones were acetylated with acetic anhydride, which was then removed by dialysis, incubated with Hst2 in the presence or absence of NAD þ , and then biotinylated and separated by denaturing gel electrophoresis. To detect biotinylated proteins, samples were transferred to nitrocellulose and analyzed by Western blotting with streptavidin-HRP and chemiluminescence. As shown in Fig. 2 , histones could be modified by NHS-biotin, but chemical acetylation completely blocked free amines (compare Fig. 2, lanes 1 and 2) . The addition of both Hst2 and NAD þ , which is required for the NAD þ -dependent deacetylation reaction, enabled a subset of histones to be biotinylated (Fig. 2, lane 4) . Hst2 was also biotinylated, because the enzyme was not chemically acetylated and therefore had free amines that could react with NHS-biotin. The presence of extra bands in lane 1 that are not labeled in lane 4 suggests that these are either cross-linked aggregates of histones or impurities of other proteins from the histone preparation that are not deacetylated and biotinylated by Hst2. Identification of Deacetylated and Biotinylated Residues by MALDI MS. We utilized the biotinyl-lysine method combined with mass spectrometry to identify histone lysines that were deacetylated by the Sir2 and Hst2 deacetylases. Purified yeast histones were first chemically acetylated, then deacetylated by either Sir2 or Hst2 for 360 min. Deacetylated histones were biotinylated and separated by denaturing gel electrophoresis and stained with Coomassie in order to visualize the bands corresponding to the histone proteins. Histone bands were excised from the gel and digested with trypsin. While trypsin usually cleaves C-terminal to lysine and arginine residues, all of the lysines in our experiments are either acetylated or biotinylated and thus cannot be digested by trypsin. Thus, histones are only cleaved at arginine residues in both the acetylated control samples and the deacetylated, biotinylated reactions. This simplifies comparison of control and deacetylated samples by creating a set of uniform peptides between the two reactions; if the deacetylated lysines were not biotinylated, trypsin would cleave after these residues, generating a different set of peptides than in the control sample.
In order to identify deacetylated lysines, tryptic peptides were subjected to matrix-assisted laser desorption/ionization timeof-flight mass spectrometry (MALDI-TOF MS). MALDI-TOF MS, used without chromatographic separation of the peptides, reveals in a single mass spectrum a series of peaks with a massto-charge ratio (m∕z) corresponding to the tryptic peptides. Because the sample is known in this case, it is possible to identify the histone peptide corresponding to each peak by first calculating all possible peptide masses for tryptic digests of each histone, including acetyl or biotin modifications on lysines. This task is simplified by the fact that ionized peptides from MALDI are mostly singly charged; thus, m∕z ratios of peaks observed in MALDI-TOF are representative of the mass of the peptide.
A schematic diagram illustrating the changes in molecular weight and peak shifts of acetylated and deacetylated, biotinylated peptides is shown in Fig. 3 . For each lysine, 42 Da was added to the peptide molecular weight to account for addition of the acetyl moiety. Expected mass shifts of deacetylated and biotinylated lysines were based on removal of the 42 Da acetyl group and addition of a 226 Da biotin moiety, resulting in a net increase of 184 Da on the molecular weight of the peptide for each lysine, a mass shift clearly visible with MALDI-TOF MS. Calculations for peptides with multiple lysines took into account the possibility that not all lysines were deacetylated and biotinylated. An example of the calculated masses for histone H3 tryptic peptides containing lysines is given in Table 1 .
Mass spectra of histone samples treated with Sir2 or Hst2 in the absence and presence of NAD þ were used as control and deacetylation reactions, respectively. A sample mass spectrum from a control reaction with Hst2 and histones but lacking NAD þ ( Fig. 4A ) compared to a deacetylation reaction with Hst2, NAD þ , and histones ( Fig. 4B) illustrates mass shifts of peptides that undergo deacetylation and biotinylation. Deacetylation resulted in the disappearance of an acetylated peptide peak along with the appearance of its biotinylated counterpart with a molecular weight shift of 184 Da. The m∕z peaks were matched by mass to predicted tryptic peptides generated in silico. For example, the peptide signal at m∕z 1,377.7 in the control sample (Fig. 4A ) is significantly decreased in the deacetylated sample (Fig. 4B) , and a peptide that has an m∕z of 1,561.6, an increase of 184 Da from the 1,377.6 peptide, appears. As shown in Table 1 , the 1,377.7 and 1,561.6 peaks match to the acetylated and biotinylated forms of the histone H3 peptide including residues 73-83, EIAQDFK 79 TDLR, respectively. The control spectrum also includes a peak at 1,245.6 m∕z (Fig. 4A) , which corresponds to the mass of an acetylated form of a histone H2A peptide containing residues 19-30, SAK 21 ðAcÞAGLTFPVGR. In Fig. 4B , the mass of this peptide is shifted by 184 Da to m∕z 1,429.6, indicating deacetylation and biotinylation at K21 (SAK 21 ðbiotinÞ AGLTFPVGR). This analysis was applied to the entire spectrum to identify all deacetylated and biotinylated histone peptides (Hst2 results summarized in Table 2 ).
Identification of Deacetylated and Biotinylated Residues by Tandem
MS. Although MALDI-TOF MS makes it possible to rapidly monitor peptide mass shifts resulting from deacetylation and biotinylation, this approach is only feasible for a sample containing a maximum of a few known proteins because of the calculations necessary to identify peptides and the complexity in the mass spectra. In addition, peptides containing multiple lysines pose a difficulty; if only some of the lysines are deacetylated, the specific deacetylated lysine residue cannot be determined by MALDI-TOF MS. To overcome this ambiguity and identify the actual residues that were deacetylated and biotinylated, the histone samples were subjected to high-performance liquid chromatography followed by nanoelectrospray ionization tandem MS (nanoLC ESI MS/MS, LC MS/MS or ESI). Data were searched by MAS-COT to identify and score peptide sequence assignments.
LC MS/MS identified sites of histone deacetylation by both Sir2 and Hst2. Fig. 5A shows a sample tandem mass spectrum of the doubly charged, histone H3 peptide acetylated at K79, EIAQDFK 79 ðAcÞTDLR, from a control sample incubated with only Hst2. Fig. 5B shows the results for the same peptide incubated with Hst2 in the presence of NAD þ . In this reaction, the acetyl group on K79 was removed and replaced with biotin (EIAQDFK 79 ðbiotinÞTDLR), resulting in a 92 Da mass increase of the precursor ion and a 184 Da increase in mass between the y 4 and y 5 ions.
A total of 24 tryptic peptides with 28 biotinylated lysines were identified by peptide mass matching from MALDI-TOF MS data or MASCOT searches of nanoLC ESI MS/MS data (Hst2 results summarized in Table 2 ). When possible, mass accuracies are listed for LC MS/MS identifications, which were within 4-9 parts per million (ppm). For peptides that were only identified by MALDI-TOF, mass accuracies are listed for the MALDI data. MALDI-TOF identifications in all cases had an error of 120-135 ppm, within the range of TOF analyzers, which have a reported mass accuracy of approximately 50 ppm (43) . Although the MALDI data are not as accurate as the LC MS/ MS data, we included the MALDI identifications because the samples contain known proteins, where all molecular species are calculable. We found that, given the long deacetylation incubation times, almost every histone lysine identified by MS could be deacetylated by both Sir2 and Hst2. There were a few residues, however, that were not identified as being deacetylated and biotinylated by either Sir2 or Hst2. For example, K37 on histone H3 was never observed to be deacetylated, although the neighboring K36 was. Other histone H3 peptides containing K42 and K64, and a histone H4 peptide containing K31, were also never observed to be biotinylated by either MALDI-TOF MS or nanoLC MS/MS. The acetylated forms of these peptides were observed, however, suggesting that these residues are also not deacetylated by Sir2 or Hst2.
Time Course Analysis of Histone Deacetylation. To investigate the relative preferences of Sir2 and Hst2 for particular acetylated lysine residues on histones, we used a series of incubation times in order to identify residues that might be deacetylated more rapidly than others. Histones were incubated with Sir2 or Hst2 for 10, 30, 60, 180, or 360 min, and then reactions were quenched with sodium borohydride, which reduces the remaining NAD þ to NADH and stops the deacetylation reaction. The reactions were then biotinylated and prepared for MALDI-TOF MS or LC MS/MS as described above. In some cases, the MALDI-TOF data were simpler to analyze because there was no chromatographic separation of peptides and only the one, singly ionized form of each peptide, whereas multiple charged states of peptides had to be considered for the LC MS/MS data; however, LC MS/ MS data were more accurate and eliminated the need to match peaks to calculated peptide masses.
Over the time course, the signal intensities for the acetylated peptides decreased with concomitant increases in the peak intensities of their biotinylated counterparts as the deacetylated lysines became available for reaction with NHS-biotin (Fig. 6A) . Tracking the peak intensity changes of individual deacetylated, biotinylated peptides over time provided information about differences in preference for the various lysines on histones as well as relative deacetylation preferences for both Hst2 and Sir2. We found that the majority of histone lysine residues were deacetylated by Sir2 and Hst2 at a similar rate. For example, MALDI data showed that both Sir2 and Hst2 deacetylate the histone H4 peptide containing K20, K 20 ILR, at a similar rate (Fig. 6B) , indicating that the two sirtuins show comparable activity at this residue in vitro.
To look for differences in specificity between Sir2 and Hst2, we searched the spectra for differences in the rate of appearance of biotinylated peptides following deacetylation by Sir2 or Hst2. Most notably, we found that the core histone residue, H3 K79, was preferentially deacetylated by Sir2 (Fig. 6 C and D) . This can be seen by comparing the rate of appearance of a 1,561.8 m∕z peptide, which corresponds to the biotinylated histone H3 K79-containing peptide (EIAQDFK 79 ðbiotinÞTDLR) between histones deacetylated by Sir2 and Hst2. This peptide appears within 10 min of deacetylation by Sir2, but only shows a small peak for Hst2-mediated deacetylation by 60 min (Fig. 6 C and D) . This peptide did not appear in a spectrum of histones that were incubated with no enzyme but in the presence of NAD þ even after 360 min (Fig. S1) ; therefore the observed biotinylated H3 peptides in the Sir2-and Hst2-treated samples represents a deacetylated peptide.
LC MS/MS results also confirmed that Sir2 deacetylates histone H3 K79 faster than Hst2 in vitro. Extracted ion chromatograms (XICs) of the LC MS/MS data, which selectively display the HPLC elution profiles of a particular mass based on MS1 data, demonstrated that the area of the biotinylated H3 K79 peak increased at a faster rate for Sir2 than Hst2 (Fig. 6E) . In comparison to the previously identified Sir2 substrate histone H3 K56, H3 K79 appeared to be deacetylated at a similar rate by this enzyme (Fig. S2 ). To determine a relative rate, the area of the peak of biotinylated peptide at each timepoint was plotted as a percent of the final timepoint (180 min). Because peptides of different sequence are not chemically equivalent, their ionization efficiencies also vary, and therefore peak intensities cannot be directly compared. Although we did not make true quantitative comparisons using this method, as this requires normalization with internal standards, qualitatively it appears that H3 K79 is deacetylated at a rate similar to H3 K56 relative to their normalized abundances. Because the histones in the experiment were acetylated chemically, these results established the in vitro preference of Sir2 for H3 K79 but left open the question of its relevance in vivo.
In Vivo Acetylation Status of Histone H3 K79. The marked in vitro preference for histone H3 K79 deacetylation by Sir2 as compared to Hst2 led us to examine whether these observed differences could reflect an in vivo role for this activity. Histone H3 K79 had not previously been observed to be acetylated in yeast cells, but is approximately 90% methylated in vivo by the Dot1 methyltransferase (38) . If H3 K79 acetylation were a transient modification or present in a minor population of total histone H3, this would explain why this modification may not have been observed in previous studies (38, (44) (45) (46) . To investigate whether H3 K79 is ever acetylated in yeast and can therefore be a target of Sir2, we explored the acetylation status of H3 K79 in a variety of mutant yeast strains containing deletions of Dot1, Sir2, or Hst2 that could potentially affect the acetylation of H3 K79. Because methylation competes with acetylation of lysine residues, deletion of both the Dot1 methyltransferase and the deacetylase that targets H3 K79 would be expected to increase the relative number of histones containing acetylated H3 K79. Histone H3 was isolated from six yeast strains, wild type (BY4741), Δdot1, Δhst2, Δhst2 Δdot1, Δsir2, and Δsir2 Δdot1, and these samples were subjected to nanoLC MS/MS. The spectra were searched by MASCOT in order to identify both the methylation and acetylation status of histone H3 K79. As expected, nanoLC MS/MS analysis of all strains containing a functional Dot1 allele indicated the presence of unmodified, mono-, di-, or trimethylated histone H3 K79, while deletion of Dot1 in any strain resulted in the complete loss of all forms of methylated K79. Fig. 7A shows MS1 data of the triply charged mono-, di-, and trimethylated H3 K79-containing peptide (EIAQDFK 79 ðMe 1;2;3 ÞTDLR) obtained from wild-type yeast. The unmodified peptide is not shown as it is cleaved after K79 by trypsin to the peptide, EIAQDFK 79 , and elutes at a different retention time with different m∕z ratios than the longer methylated K79 peptides. Strains bearing the deletions Δdot1 or Δhst2 Δdot1 contained the unmodified K79 peptide, but did not contain detectable acetylated H3 K79 peptide. However, histones purified from the strain lacking both Dot1 and Sir2 (Δsir2 Δdot1) yielded triply charged peaks corresponding to the m∕z of an acetylated histone H3 K79 peptide (MS1 spectrum in Fig. 7B ). This indicates that histone H3 K79 is indeed acetylated in vivo in S. cerevisiae.
The doubly charged molecular ions for the trimethylated and acetylated peptides were also observed for the wild type and Δsir2 Δdot1 strains, respectively ( Fig. 7 C and D) . In addition, MS2 spectra obtained for these species resulted in fragment ions consistent with their purported sequences, with accurate mass measurements of the respective b 9 ions used to distinguish them ( Fig. 7 E and F) . Moreover, the trimethyl-lysine peptide was always observed with corresponding mono-and dimethylated peptides ( Fig. 7 A and C) , the latter two of which were not visible in the Δsir2 Δdot1 histone H3 mass spectrum (Fig. 7 B and D) . Taken together, these results indicate that H3 K79 is acetylated in S. cerevisiae, and that Sir2 may be the physiologically relevant deacetylase for this residue.
We considered whether the peak assigned as acetylated H3 K79 could in fact have been trimethylated by another methyltransferase. While trimethyl-and acetyl-lysine have nearly identical mass (differ by only 0.03639 Da), it is possible to distinguish between these modifications using the high mass accuracy of the Orbitrap, which is reported as 2-5 ppm (47) . The predicted monoisotopic m∕z of the triply charged acetylated K79 peptide is 459.9051 (corresponding to the mass of the MH 3 þ3 ion of EIAQDFK 79 ðAcÞTDLR). We observed an m∕z of 459.9035 for the K79 peptide in the Δsir2 Δdot1 strain, an error of 3.48 ppm of the observed m∕z from the predicted acetylated m∕z. If the observed m∕z is compared with that calculated for the trimethylated K79 peptide (m∕z 459.9173), the resulting error is 30.01 ppm, 10-fold higher than the error for the acetylated version of the peptide (Fig. 7B) .
The mass accuracy of the doubly charged peaks also supports the identification of acetylated H3 K79 in the double sir2 dot1 knockout. Specifically, assignment of the observed 689.3559 peak from MS1 (Fig. 7C ) to acetyl K79 (calculated m∕z 689.3541) results in an error of 2.61 ppm, whereas assigning it to trimethyl K79 (calculated m∕z 689.3723) would result in an error of 23.79 ppm. The mass accuracy within the MS2 spectra of the peptides from both wild type and the double sir2 dot1 knockout also supports this conclusion. The MS2 spectrum of the doubly charged molecular ion of the peptide from wild type revealed a b 9 ion at m∕z 1,090.5431, an error of 1.47 ppm for the trimethyl isoform (calculated m∕z 1,090.5415) and 34.8 ppm from the acetylated isoform (calculated m∕z 1,090.5051; Fig. 7E ). In contrast, the MS2 spectrum of the doubly charged ion of the peptide from the Δsir2 Δdot1 mutant revealed a b 9 ion at m∕z 1,090.5055, an error of 0.37 ppm from the calculated b 9 ion of an acetylated species and 33.01 ppm from the calculated b 9 mass for the trimethylated species (Fig. 7F) . Thus, the mass accuracy of the Orbitrap for both the doubly and triply charged ions, including MS2 molecular ions, confirms that the modified H3 K79 peptide observed in the Δsir2 Δdot1 strain is acetylated and not trimethylated.
Finally, the peptide in question displayed significantly different chromatography retention times during HPLC separation than the trimethylated H3 K79 peptide, suggesting that these two peptides are chemically different. Extracted ion chromatograms (XICs) show the differing retention times of the trimethylated or acetylated H3 K79 peptides between the wild type and double sir2 dot1 knockout, respectively (Fig. 7 G and H) . The acetylated H3 K79 peptide displayed a significantly different retention time, 29 min, (Fig. 7H, Left) than trimethylated K79, which eluted at 26 min (Fig. 7G, Left) from strains with an intact DOT1 gene. As an internal control, the smaller, unmodified K79 peptide (EIAQDFK 79 ) eluted at 23 min in both samples (Fig. 7 G and H, Right). Taken together, these observations definitively support the conclusion that the newly observed peptide corresponds to acetylated, and not trimethylated, histone H3 K79.
We attempted to quantify the proportion of acetylated H3 K79 in vivo using the method of Smith et al. for quantifying acetylation at specific lysine sites using treatment with deuteroacetic anhydride (48, 49) . Deuteroacetic anhydride acts similarly to acetic anhydride, resulting in the deuteroacetylation of unmodified lysines, making them chemically equivalent to the endogenously acetylated lysines but differentiated in MS by the 3 dalton difference in mass due to replacement of three hydrogens with three deuterium atoms. Our laboratory (Cotter) has used this approach successfully for assessing the relative amount of acetylated histone H3 K56 in various yeast deletion mutants (26) and for global lysine modification analyses including both acetylation and methylation (50) . We therefore attempted to quantify the amount of histone H3 that is acetylated at K79 in a double sir2 dot1 knockout by treating purified histones with deuterated acetic anhydride, followed by trypsin digestion and analysis by LC MS/MS. However, we were unable to observe endogenously acetylated H3 K79 in the presence of the considerably more intense signal from the deuteroacetylated peptide ( Fig. S3 A and B) . Based upon the signal intensities of the deuteroacetylated K79 peak compared to endogenously acetylated K79 (from the same sample but not treated with deuteroacetic anhydride), we estimate at least 2-3 orders of magnitude difference in the abundances of these analogues. This suggests that the reason we are not able to observe the endogenously acetylated H3 K79 peptide in the same MS1 spectrum as the deuteroacetylated form is due to the automatic gain control in the Orbitrap, which allows a limited number of ionized peptides to be analyzed. Thus, attempting to observe both of these similar species with a difference in intensity of this magnitude is beyond the dynamic range of the instrument (51) , and likely places the endogenously acetylated peptide signal below the level of detection.
Discussion
We have developed the biotinyl-lysine method as an approach to studying sirtuin substrates, and have demonstrated the utility of the method by comparing histone deacetylation by Sir2 and Hst2. Because the approach relies upon chemically acetylated substrates, the method is particularly useful in identifying low-abundance or transient acetylation sites. An important caveat of the method we describe is that the complete chemical modification of every lysine in a substrate protein could interfere with proper enzyme-substrate interactions, thereby blocking the enzymatic removal of the modification. This could occur if another lysine residue is sufficiently close to the "true" substrate lysine, in which case that particular substrate will not be detected. Conversely, it is also important to verify independently that an in vitro substrate is actually acetylated in vivo. In the example described in this paper, artificially enriching a rare modification was an advantage, but it is important to analyze native samples to rule out the possibility of false positives.
Importantly, the biotinyl-lysine method led to the identification of H3 K79 as an acetylated residue in vivo that appears to be regulated by Sir2 deacetylation. Acetylation at this residue has never been observed in yeast; instead, approximately 90% of yeast H3 is reported to be methylated on K79 by the Dot1 methyltransferase (38) . Interestingly, low levels of H3 K79 acetylation have been reported for human histone H3 (39), although the significance of this observation was unclear. Our finding that acetylated H3 K79 is a substrate for yeast Sir2 raises the possibility that its human homologue, SIRT1, may regulate the acetylation state of this residue in human histone H3.
Intriguingly, while Dot1 methylates 90% of histone H3 K79, the remaining 10% of H3 K79 that is hypomethylated localizes to heterochromatin, specifically at the telomeres, rDNA repeats, and HM loci, and correlates with Sir2 localization (38, 52, 53) . Catalytic mutants of Sir2 exhibit loss of silencing (1, 54, 55) and increased methylation at all three loci (52) , and reduced Sir2 association at telomeres, suggesting that either Sir2 localization or activity is important for maintaining the hypomethylated state of K79 in heterochromatin (52) . Although previous reports suggested that deletion of dot1 resulted in loss of silencing at the HM and telomeric loci, two recent studies showed that these phenotypes were reporterdependent (42, 56) . One study demonstrated that deletion of dot1 has no effect on HM silencing and only causes loss of silencing at four out of 32 telomeric chromosome ends, but that mutation of K79 results in a mating defect due to loss of silencing at an HM locus (42) . In fact, several mutations of H3 K79 (K79A, P, Q, E, or R) have been shown to affect silencing at the rDNA repeats, telomeric, and HM loci (38, (40) (41) (42) . All but one K79 mutation results in loss of silencing at the heterochromatic locus tested, recapitulating Sir2 mutant phenotypes. Notably, mutation of H3 K79 had a greater effect on Sir2 localization in the heterochromatin than a dot1 deletion (38) . These data suggested that the methylation status of K79 is not required for silencing, but leaves open the possibility that another K79 modification, such as acetylation, could be playing a role in silencing.
Our finding that H3 K79 is acetylated in vivo and that Sir2 deacetylates this residue accounts for the silencing defects due to the substitutions at H3 K79 and deletions of Sir2. We hypothesize that H3 K79 is actually transiently acetylated in heterochromatic regions to help recruit Sir2 to these loci for proper silencing, whereas H3 K79 is methylated by Dot1 in actively transcribed regions. In this way, the interplay between Sir2 and Dot1 activity and the modification status of H3 K79 would help to establish or maintain the boundary between heterochromatin and euchromatin. A possible mechanism could be that acetylated H3 K79 helps to recruit Sir2 to heterochromatin, and that Sir2, which forms a complex with Sir3 and Sir4, prevents methylation by remaining associated with the heterochromatin and sterically hindering access to these loci by Dot1. The presence of H3 K79 acetylation at highly specific loci, which contain a very small percentage of the overall histone proteins in the cell, could explain why this modification had not been previously observed in yeast. Moreover, corresponding studies had not been done with strains lacking both the dot1 and sir2 genes, in which this modification is enriched enough to observe by MS.
Although we have focused our studies on the yeast sirtuins and histones, the biotinyl-lysine method could be adapted to identify substrates of sirtuins or other deacetylase enzymes in cell extracts. The method could also be modified to study other sirtuin deacylation activities, including depropionylation and debutyrylation (57, 58) . These modifications have thus far been identified as bona fide modifications in histones and in the p53 tumor suppressor protein in mammalian cells (59, 60) . Our protocol could be modified to study these activities, for example, by propionylating or butyrylating substrates with propionic or butyric anhydride.
The biotinyl-lysine method has the potential for broad applications in studying other lysine demodifying enzymes beyond deacetylases. Lysine is subject to other reversible modifications such as methylation and ubiquitination, and identifying the substrates for demethylases and deubiquitinating enzymes is similarly of great utility. Our method could be modified to study demethylase substrates by chemically methylating substrates instead of acetylating them (61) . Perhaps more significantly, the method could, in principle, be adapted to screen for substrates of deubiquitinating enzymes using endogenously ubiquitinated proteins, with chemical acetylation or methylation to block all unmodified lysines while retaining native ubiquitination sites. Given the prevalence of many different types of lysine modifications in biology, the method we describe here provides a fresh approach to identifying substrates of enzymes that remove lysine modifications.
Methods
Sirtuin Expression and Purification. Recombinant Hst2 and Sir2 were expressed as 10xHis-tagged fusion proteins from the Novagen pET21-d(+) vector in BL21 (DE3) Escherichia coli. Proteins were affinity purified using nickel resin via the C-terminal histidine fusion tag and dialyzed into a final buffer containing 20 mM HEPES, pH 7.5, 150 mM NaCl, 10% glycerol, and 1 mM dithiothreiotol (DTT).
Histone Acetylation. Recombinant S. cerevisiae histones were expressed and reconstituted as dimers, tetramers, and octamers as previously described (ref. 62 ; and web protocol from the Tsukiyama Laboratory, http://labs.fhcrc .org/tsukiyama/protocols/expression.pdf) with modifications. Briefly, histones were expressed and purified from inclusion bodies in E. coli. During the refolding process, all four histones were mixed, and then histone dimers, tetramers, and octamers were separated from high molecular weight aggregates by size exclusion chromatography. Histone octamers were then dialyzed into the following buffer for acetylation: 50 mM sodium bicarbonate, pH 8.0, 2 M sodium chloride, 1 mM EDTA, 0.5 mM DTT, and 100 μM PMSF (Buffer A). Histone octamers were acetylated with a single addition of 10-50 mM acetic anhydride (Fisher Scientific) on ice while maintaining a pH of 8-8.5 with a dilute stock of sodium hydroxide, then dialyzed back into Buffer A. Finally, histone octamers were step dialyzed into the following deacetylation buffer: 50 mM HEPES, pH 7.5, 250 mM sodium chloride, 1 mM EDTA, 0.5 mM DTT, and 100 μM PMSF (Buffer B). Although histone octamers are stabilized by acetylation, the reduction in salt concentration to 250 mM sodium chloride is likely to result in the dissociation of histone octamers to H2A/H2B and H3/ H4 histone dimers over time.
Deacetylation and Biotinylation Reactions. Deacetylation reactions contained 50 μM acetylated histones, 250 nM Sir2 or Hst2, and 500 μM NAD þ in Buffer B. Reactions were incubated at 20°C for various lengths of time, and then quenched by addition of 1 M sodium borohydride to a final concentration of 50 mM to convert all remaining NAD þ to NADH. Samples were then biotinylated with 10 mM sulfo-NHS-biotin (Pierce or ProteoChem) for 3 h at 20°C. Biotinylation reactions were quenched with addition of 4x LDS sample buffer and the labeled proteins were separated by SDS-PAGE. For blot analysis, the proteins were transferred to nitrocellulose membranes, probed with streptavidin conjugated to horseradish peroxidase (Invitrogen), and detected by enhanced chemiluminescence (Pierce).
Tryptic Digestion. For MS analysis, histone bands were excised from Coomassie-stained polyacrylamide protein gels. The gel bands were destained, dried, and incubated with trypsin overnight at 37°C as described previously (63) . Finally, the peptide extract was dried in preparation for either MALDI-TOF MS or nanoLC MS/MS.
MALDI-TOF MS.
Peptide extracts were resuspended in 50% acetonitrile. One microliter of each peptide solution was applied to a MALDI plate and allowed to air dry. Then 1.0 μL of α-cyano-hydroxycinnamic acid (10 mg∕mL) in 70∶30 acetonitrile: 0.1% trifluoroacetic acid was added. All samples were analyzed on a Shimadzu AXIMA-TOF 2 mass spectrometer in reflectron mode with a 337 nm N 2 laser. Spectra were acquired as an average of 100 profiles. The instrument was externally calibrated using a four-point calibration with Bradykinin ( NanoLC ESI MS/MS. Tryptic peptides were resuspended in 0.1% formic acid and loaded onto a 10 cm reverse phase C18 column (5 μm particle size) and eluted over 40 min with a 3-40% acetonitrile gradient.
For the LC MS/MS data in Figs. 5, 6, and Fig. S2 using recombinant acetylated histones, mass spectra were acquired in data-dependent mode on a Thermo LTQ-Orbitrap. Full MS scans were acquired in the Orbitrap at a resolution of 30,000. The top five most intense peaks were selected for MS2, which were acquired in the LTQ.
For the data in Fig. 7 and Fig. S3 identifying endogenously acetylated histone H3 K79, the Thermo LTQ-Orbitrap mass spectrometer was operated in selected reaction monitoring mode (SRM). Initially, a precursor scan was performed in the Orbitrap with a resolution of 60,000 and a narrow mass range from 425-725 Da. Peptides with m∕z values corresponding to the doubly and triply charged masses of the various modified forms of H3 K79 were isolated and fragmented in the LTQ, followed by detection of the fragment ions with Fourier transform instrumentation using a mass range of 200-2,000 Da and a resolution of 30,000. For each SRM event, the isolation window was 2 Da, and each fragmentation event was carried out for 30 ms at a normalized collision energy of 35% and an activation Q of 0.25.
MASCOT Database Searching. All LC MS/MS data were searched using MASCOT. Mass spectra were searched against the Swissprot database using S. cerevisiae as the selected taxonomy. The peptide precursor mass tolerance was set at ± 0.1 Da, whereas the MS/MS fragment ions mass tolerance was set at ± 0.8 Da. All spectra were searched with acetylation(K), biotinylation(K), and oxidation(M) as variable modifications. Following MASCOT database searches, only peptide hits with e-values less than 0.05 were considered significant.
Yeast Strains. hst2 and sir2 deletions were obtained from the Yeast Knock-out Collection. DOT1 was deleted in the wild-type parental strain BY4741 and the Δhst2 and Δsir2 derivatives via PCR-based gene replacement with the hphMX4 cassette from the pAG32 plasmid. dot1 knockouts were validated by junction PCR. S. cerevisiae histone H3 was cloned into pRS415 as a FLAG-tagged, 10xHis fusion protein along with histone H4 and transformed into the yeast strains for constitutive expression. Strains and their genotypes are listed in Table 3 .
Histone H3 Purification. Yeast strains expressing histone H3 were grown to an optical density of approximately 1 (late log phase), harvested, and frozen at −80°C. Histones were purified as previously described (64), with modifications. Briefly, cells were lysed with an SDS buffer containing the sirtuin inhibitors nicotinamide (5 mM) and sodium butyrate (50 mM). The lysed supernatant was diluted into a urea buffer for denaturation and to reduce the concentration of SDS, and then passed through a nickel column to bind the histones via the N-terminal 10xHis fusion tag. Histone H3 was eluted with *All strains contain a pRS415 plasmid for expressing histone H3/H4. a urea buffer containing 400 mM imidazole. The eluate was diluted with 4x Laemmli's sample buffer and separated by SDS-PAGE. The histone bands were excised, trypsin-digested, and subjected to nanoLC MS/MS.
Histone H3 Deuteroacetylation. Endogenous histone H3 was purified and prepared for tryptic digestion as above, with the addition of a treatment with deuterated acetic anhydride after destaining of the gel bands, as previously described (26, 48) . Briefly, gel bands were incubated with 50 μL deuterated acetic acid (d 4 ) and 10 μL deuterated acetic anhydride (d 6 ) (Sigma) for 5 h at room temperature. The gel bands were then washed with 200 mM ammonium bicarbonate and water, dehydrated, and incubated with trypsin as mentioned previously.
